Introduction
Lithium niobate is one of the most important materials due to its many standard and modern applications [1] [2] [3] . One of the most often investigated configurations in the crystal is that when the electric field is applied along the optical axis and the light beam propagates along x or y direction. Taking into account the 3 m symmetry of LiNbO 3 , the phase difference Ã induced by the applied electric field E
is related to the effective electrooptic coefficient r eff that is composed of two independent electrooptic coefficients r 113 and r 333 r n r n r eff e o = -( ) . 
Here L is the crystal length, l is the wavelength of the light beam and n o and n e are the ordinary and extraordinary refractive indices, respectively. Equation (2) indicates that the temperature dependence of r eff is due either to changes in the r 113 and r 333 coefficients or to the temperature dependences of the refractive indices. The aim of this work is to show that it is possible to determine the individual electrooptic coefficients from measurements of the effective coefficient. Taking as an example the LiNbO 3 crystal, we will apply the method to obtain the temperature dependence of r 113 and r 333 .
Measurement
The experimental approach adopted in this work involved the dynamic polarimetric method described previously [4, 5] . The value of r eff was evaluated from the modulation index of the emerging light intensity detected by a photodiode by means of a lock-in technique. The computercontrolled apparatus changed the temperature within the range 25-200°C and monitored both the constant and modulated components of the photodiode output signal. In each cycle, the subsequent temperature points were approached approximately linearly in 2-3 hours, then the temperature was stabilised for an additional one hour before measurements at specific temperatures. The optical system used in these measurements was biased to the middle of its transmission characteristic by taking advantage of the temperature dependence of the natural birefringence of the measured crystal [4, 5] . The investigations were made in air on the samples with dimensions of 30´30´4 mm 3 . The samples were purchased from Cobrabid-Optica in Warsaw but produced at the Institute of Electronic Materials Technology, Warsaw.
It is known that many properties of LiNbO 3 , including dielectric and electrooptic phenomena, are strongly dependent on the composition of the crystal [6] [7] [8] [9] . Thus, the knowledge of the electrooptic coefficients and the dielectric constants allows the stoichiometry of the crystal to be determined. The composition is often given in terms of the ratio x c = [Li]/([Li] + [Nb]). As described previously, the comparison of values of the low-frequency dielectric constants å 22 and å 33 and the linear electrooptic coefficient r 222 determined in the samples under investigation with those reported in Refs. 6-8 allows to estimate the stoichiometry of the samples to be about x c = 49.3% [5] .
In our measurements, a He-Ne laser beam was passed along the [100] direction of the sample sandwiched between crossed polarises. A sinusoidal electric field of the frequency 417 Hz and amplitude up to 4 kV/m was applied to the sample. For this frequency, the crystal plate may be DOI: 10.2478/s11772-007-0037-1 * e-mail: piotr.gorski@p.lodz.pl
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assumed to be mechanically free. The samples were carefully annealed [5] . To exclude possible errors that may result from inaccuracies in cutting and/or alignment of the samples we took into account the results of numerical analysis based on the Jones calculus [10, 11] .
The temperature dependence of the effective electrooptic coefficient r eff obtained in our measurements is presented in Fig. 1 . Our r eff may be compared with an approximate equivalent value 19.5 pm/V that may be evaluated from the measurements of the r c coefficient at RT [7] .
The temperature dependence of the ordinary and extraordinary refractive indices in LiNbO 3 of various compositions has been previously precisely determined [12] . Thus, the knowledge of n o and n e and the effective coefficient r eff for various temperatures, allowed us to calculate the values of individual coefficients r 113 and r 333 for the temperature range considered. We did this numerically looking for the lowest standard deviation between calculated r 113 and r 333 and the experimental values of r eff . The results obtained are illustrated in Fig. 2 .
It was Pockels who first noticed that electrooptic and dielectric properties of crystals are closely related and that electrooptic coefficients follow the dielectric behaviour of crystal [13] . Miller has generalised the approach for second harmonic generation and linear electrooptic effect by introducing delta coefficients, which are normalised against linear susceptibilities of relevant frequencies [14] and introduced intrinsic electrooptic coefficients defined in terms of the induced polarization rather than the macroscopic electric field. For example, the intrinsic coefficient m 133 is defined in terms of the electric field as r m 113 0 33 113
where å 0 is the permittivity of free space and å 33 is the low-frequency dielectric constant along the z axis. The intrinsic electrooptic coefficients are usually observed to be weakly temperature dependent. To determine the relevant intrinsic coefficients we measured å 33 of our samples. The measurements of dielectric response were carried out with Solartron 1260 Impedance Analyser with Chelsea Dielectric Interface 1295 with the temperature controller Novocontrol. As a result of measurements, the real and imaginary parts of complex permittivity were obtained in the frequency range from 400 to 430 Hz. The value of ac voltage applied to the capacitor was equal to 0.5 V. The temperature was controlled using a nitro- gen-gas cryostat. The results obtained at 417 Hz are plotted in Fig. 3 . We fitted this dependence by the a Curie-Weisse-type formula e e 33 33 3 0
with e 33 2 98 ¥ = . , C 3 = 30.2×10 3°C and T 0 = 1195°C. Despite the fact that our measurements were performed in the temperature range far from the phase transition temperature (approx. 1210°C), the fitted value of Curie temperature is in good agreement with literature [15] . The temperature dependence of calculated intrinsic electrooptic coefficients m 113 and m 333 is presented in Fig. 4 .
Discussion
The results obtained show that when the temperature dependence of refractive indices in a birefringent crystal is precisely known, the polarimetric technique may be employed to determine the individual electrooptic coefficients, including their temperature dependences. Since the polarimetric technique is much more sensitive than the interferometric method this is of significant interest. As far as we know, the results presented are the first attempt to generalise the application of the polarimetric technique to determine individual electrooptic coefficients. The temperature dependences of the r 133 and r 333 coefficients determined in our work are (dr 333 /dT) = 2.5×10 -14 m/V°C and (dr 133 /dT) = 1.0×10 -14 m/V°C. They differ approximately by a factor of two from those measured by interferometric means, where within the temperature range 25-200°C (dr 333 /dT) = 1.6×10 -14 m/V°C and (dr 133 /dT) = 4.6×10 -15 m/V°C have been found [16] . However, since the stoichiometry of crystals measured by interferometric method was not indicated, the comparison may be performed only quantitatively.
Contrary to the r 222 coefficient in LiNbO 3 , where after annealing even up to 200°C its changes are lower than 1% [5] , the temperature changes in the coefficients r 113 and r 333 are noticeable. This may by explained in terms of the approach which treats some linear electrooptic coefficients in oxygen octahedra crystals as a morphic phenomena induced by the spontaneous polarization and due to the quadratic electrooptic effect [16, 17] . In the approach, the changes in r 222 result from distortions of the oxygen octahedra and the r 113 and r 333 coefficients are the induced coefficients. The fact that within 25-200°C the temperature changes in the intrinsic coefficient m 222 (approximately 7%) reported in Ref.
5 are stronger than those we found in this work for m 113 and m 333 (less than 2%) confirms that the physical origin of the r 113 , r 333 , and r 222 is different. This should be taken into account in applications in technical devices.
